SUMMARY We studied the relationship of the size and severity of alteration of recovery properties in localized areas to changes in cardiac surface electrograms in experiments on six open-chest dogs. Alterations in recovery properties were induced thermally because size and severity of the affected area could be controlled on the basis of physical principles which were modeled. We recorded unipolar electrograms from 75 cardiac surface sites simultaneously during stimulation of atria and pulmonary conus in control periods and in the presence of warmed areas of varying sizes and intensities. Size of the areas was controlled by the diameter of an aperture through which a light source was directed. Intensity was controlled by the light source excitation voltage. Myocardial temperature was monitored with a thermistor. The QRS, STT, and QRST deflection areas were determined by computer processing and displayed as isoarea maps. Difference maps also were determined by subtracting control QRST isoarea maps from those obtained in the presence of warmed areas. QRST area difference maps were related closely to the size and severity of the thermally induced changes in recovery properties. With areas of the same size and increasing myocardial temperatures, the magnitude of the change in QRST area increased, and the gradient of contour lines between the affected and unaffected areas increased. When myocardial temperature at the center of the warmed area was kept constant and the size of the warmed area was increased, the affected cardiac surface area increased, but the number of isoarea contours remained approximately the same. These findings suggest that the change in QRST isoarea maps may be a useful indicator of lesion size when combined with an index of lesion severity such as the QRST area change in the electrogram with the maximum change. QRST areas during both activation orders were similar, suggesting that the QRST area is independent of changes in activation sequence.
Alterations in recovery properties were induced thermally because size and severity of the affected area could be controlled on the basis of physical principles which were modeled. We recorded unipolar electrograms from 75 cardiac surface sites simultaneously during stimulation of atria and pulmonary conus in control periods and in the presence of warmed areas of varying sizes and intensities. Size of the areas was controlled by the diameter of an aperture through which a light source was directed. Intensity was controlled by the light source excitation voltage. Myocardial temperature was monitored with a thermistor. The QRS, STT, and QRST deflection areas were determined by computer processing and displayed as isoarea maps. Difference maps also were determined by subtracting control QRST isoarea maps from those obtained in the presence of warmed areas. QRST area difference maps were related closely to the size and severity of the thermally induced changes in recovery properties. With areas of the same size and increasing myocardial temperatures, the magnitude of the change in QRST area increased, and the gradient of contour lines between the affected and unaffected areas increased. When myocardial temperature at the center of the warmed area was kept constant and the size of the warmed area was increased, the affected cardiac surface area increased, but the number of isoarea contours remained approximately the same. These findings suggest that the change in QRST isoarea maps may be a useful indicator of lesion size when combined with an index of lesion severity such as the QRST area change in the electrogram with the maximum change. QRST areas during both activation orders were similar, suggesting that the QRST area is independent of changes in activation sequence.
ABNORMALITIES of the QRS complex and the degree of displacement of S-T segments in cardiac surface electrograms and body surface electrocardiograms have been investigated as indices of ischemic lesion size.
1 " 14 Evaluation of the findings is complicated by difficulties in obtaining independent validated measurements of lesions size and by the fact that electrocardiographic sampling has been limited to the precordium in most studies. However, some findings do suggest a useful correlation between electrocardiographic abnormalities and the size of infarcts and encourage further efforts to develop a more broadly useful electrocardiographic evaluation of localized myocardial lesions.
We investigated the relation between changes in cardiac surface electrograms and the size and severity of thermally induced alterations of repolarization in localized ventricular areas. Warming the ventricle shortens the duration of action potentials and refractory periods, one of the changes in electrophysiological properties associated with acute " 19 Other electrophysiological effects of ischemia such as reduced resting membrane potential and decrease in conduction velocity, however, do not occur with warming. 15 ' 16 ' 18 Localized warming was used to alter repolarization so that size of the affected area could be controlled and severity regulated on the basis of measurements of myocardial temperature. These warmed areas are not meant to be a simulation of ischemia but merely a method of altering recovery properties in a controlled way.
This study, then, represents a step in defining the basis of ECG estimates of lesion size and the limitation of these estimates. The findings demonstrated a close relation between changes in cardiac surface electrograms and size and severity of changes in the warmed areas. Although they do not permit direct conclusions concerning ischemic lesions, the results suggest that a useful electrocardiographic estimate of the size and severity of those lesions is possible. They also contribute to defining the requirements for such an estimate and the means by which it might be accomplished.
Methods
Experiments were performed on six mongrel dogs anesthetized with sodium pentobarbital 30 mg/kg, iv. Under artificial ventilation, the heart was ex- VOL. 43, No. 6, DECEMBER 1978 posed through a midline thoracotomy and the pericardium opened and formed into a cradle to support the heart. The sinus node was crushed and bipolar stimulating electrodes attached to the right atrium and right ventricle near the pulmonary conus. The heart was paced at a cycle length of 400 msec with square wave stimuli of 2 msec duration and twice threshold intensity. The driving stimuli were applied to the atrium or simultaneously to the atrium and right ventricle. Prior to each experiment, a recording electrode array was prepared by attaching 75 silver wires (0.58 mm in diameter) to a nylon stocking which was stretched over a plaster cast of a dog heart. The wires were insulated except at the point of attachment to the stocking, and uninsulated portions were sewn through the stocking and secured with a knot. Electrode locations were identified on the cast at evenly spaced intervals by marking the points of intersection of circles that were 1.5 cm in diameter. The electrode-stocking assembly was pulled over the heart and sutured to the pericardial reflections. Electrode sites were located over the atria as well as the ventricles. The stocking material was sufficiently elastic to permit a good fit for all hearts in the study. The entire stocking was moistened with saline to ensure electrode contact with the epicardium. All 75 electrograms were sampled once every millisecond, using a multiplexed data recording system. Each cardiac surface electrode was referenced to a Wilson Central Terminal. To minimize beat-to-beat variations in the electrograms, all recordings were obtained with the respirator held in full expiration. In this open-chest preparation, the induced electrocardiographic changes were referenced to the unaltered state and, hence, exposure to air was a constant factor in both states.
Alteration of recovery properties was induced thermally to permit control of the size of the area of altered recovery properties and the magnitude of the alteration. Warming was produced by a light source of uniform intensity. The light source was a tungsten-halogen lamp, which was directed through a condenser lens assembly and a variable aperture calibrated from 50 mm 2 to 2400 mm 2 . A photo-field effect transistor power density meter was used to measure the radiant power density incident upon the epicardium. This power density was variable over a calibrated range of 0.1 mW/mm 2 to 0.2 mW/mm 2 , which was the range required to raise myocardial temperature by 1 to 6°C in these experiments. These power densities were linearly related to light source excitation voltage which was read directly from a voltmeter during the course of the experiments. The characteristics of changes in temperature distribution produced in this way behave according to physical principles which can be expressed mathematically. Photo-energy incident upon the surface of a thermally conducting volume generates a thermal gradient within that volume. Myocardial temperature distribution is determined by the geometry and intensity of the heat source and the physical properties of the myocardium. In a computer model of the heat flow problem, a segment of ventricular muscle was represented by a thermally homogeneous isotropic disk of thickness 1 cm and diameter 10 cm bounded on top and bottom by constant temperature surfaces (air and blood, respectively). Possible contributions of coronary flow to the spatial distribution of temperature change were not included in the model. A relaxation technique was used to solve for the temperature distribution induced in the slab by a uniform heat flow applied through a circular region at the surface (Fig. 1) . The distribution was assumed to be symmetrical about the axis of incident energy and, hence, only a cross-section solution was obtained for each condition modeled. The slab cross-section was modeled by a resistive net of 11 rows and 101 columns. Constant heat flow was applied to the surface nodes of the net corresponding to those areas receiving the incident energy. The relaxation technique was allowed to iterate 200 times, and the resulting temperature distribution then was scaled so that the peak temperature at the surface corresponded to the desired central temperature of the condition being modeled. Only the temperature distribution induced by the incident beam was determined which, by superposition, would be the change in the distribution from the control distribution. Figure 2A is a set of isotherm plots calculated with the model. In this set of calculations, the central surface temperature was held constant for multiple aperture sizes. The volume of the affected area was defined as that volume in which AT > 0.5°C. A graph of volume vs. light source aperture area for constant peak temperature is shown at the bottom of Figure 2A . Figure 2B is another set of calculated isotherm plots. In this set of calculations, the ap- erture size was held constant over a range of peak central surface temperatures. The graph at the bottom of Figure 2B shows that the volume of the affected area varies with the intensity of the warming for a fixed light source area. Figure 3 shows a family of curves of temperature vs. light source area for warmed areas of constant volume. These calculations indicated that heat flow was predominantly transmural with a negligible radial component. The calculations also indicated that the volume of the affected area varied approximately linearly with light source aperture area at constant intensity, and varied predictably with intensity of the light source for constant light source aperture area. On the basis of this model, the size of the aperture through which the light source was directed was used as an index of the size of the area of altered recovery properties, and the intensity of the light source was taken as an index of the severity of the alteration.
Temperature was measured by inserting a thermocouple (0.5 mm in diameter) superficially in the myocardium at the center of the warmed area. The thermocouple was left in place during the entire experiment, to avoid differences in temperature reading that might result from differences in depth of the thermocouple with repeated placements. The thermocouple junction potential was measured using a calibrated and temperature-compensated amplifier which gave a display in degrees centigrade ±0.1°C (SE). In each experiment, localized alterations in recovery properties were produced with light source aperture sizes of 200, 400, 800, and 1200 mm 2 . At each aperture size, the light source was energized at three or four different voltages to produce alterations in recovery properties of different severity. The light source was focused on the epicardial surface of the ventricle for 2-3 minutes prior to recording electrograms to allow equilibration of the thermal gradient in the affected area. Temperatures measured at the center of the warmed area were stable by that time. Cardiac surface electrograms were then recorded with respiration halted in full expiration. Recordings were made while driving the atrium only and while driving atrium and right ventricle simultaneously. Following the recording period, the light source was turned off and 2-3 minutes were allowed to elapse. Cardiac surface temperatures returned to their control values, and electrograms returned to their control form during this period of time. Control recordings were obtained before and after inducing the series of thermal alterations in recovery properties, and at least one other time during the course of the experiments.
During the experiments, plots of light source voltage vs. myocardial temperature were made for each aperture size, and an example is shown in Figure 4 . The voltages predicted by the curves were used to achieve alterations of the same severity, that is the same temperature, with different sizes of the aperture. A set of alterations with the same temperature but different aperture sizes then was produced. In each experiment, sets of areas of altered recovery properties produced with different aperture sizes but having the same severity were obtained for two temperatures approximately 2°C apart.
The simultaneously recorded electrograms of single complexes obtained during atrial and ventricular drives were processed. These complexes were digitized, and gain and baseline were adjusted and stored on digital magnetic tape. QRS, STT, and QRST deflection areas were calculated by integrating each lead over the appropriate interval. A root mean square (rms) voltage vs. time curve based on all leads was plotted to help identify onset of QRS, end of QRS, and end of T deflections which were manually selected from this curve. During ventricular drive, the atria were stimulated simultaneously with the ventricles so P waves and QRS complexes were superimposed. During atrial drive, P wave areas were added to those of the QRS. By adding P wave areas to those of the QRS during atrial drive and simultaneously stimulating the atria during ventricular drive, the same P wave areas were common to records during the two activation orders. Differences between the QRS, STT, and QRST areas were therefore due to ventricular events.
Cardiac surface isoarea contour maps were plotted on a two-dimensional r 1 surface. In the display used, the heart was considered to be split up the posterior midline, unrolled, and flattened by cutting the apex in cusps. The spatial relationships of electrodes to each other were kept as constant as possible on the display. A diagram of the flattened cardiac surface is shown in Figure 5 , and anatomic landmarks and electrode locations are indicated. QRS, STT, and QRST isoarea maps from all experiments were plotted with the same format. In addition, difference maps were obtained by subtracting control QRS, STT, and QRST area maps from those obtained with thermal lesions present. The rms value of the change in QRS, STT, and QRST areas from control values was determined for each lesion using all electrode sites. The change of these quantities at the single electrode site at which change was greatest was also determined. In each experiment, two to five of the electrograms from the 75 electrode sites had to be omitted because of artifact. An electrogram from any site that was inadequate for analysis during one run was omitted from all calculations.
Results
Cardiac surface maps of deflection areas from one experiment and curves showing change of deflection area with respect to temperature of the warmed area and aperture size from all experiments will be shown. Figure 6 shows control cardiac surface isoarea maps of one dog. To construct QRS, STT, and QRST isoarea maps, the amplitudes of the QRST deflections at each electrode site were measured at 1-msec increments and were integrated over the QRS, STT, and QRST intervals, respectively. The sites having the same areas were connected with isoarea contour lines. Maps on the left were obtained during supraventricular drive and those on the right during drive from the stimulating electrode near the pulmonary conus. The QRS and STT isoarea maps during ectopic ventricular drive differ markedly from those during supraventricular activation. In contrast, the QRST isoarea maps during the two activation sequences show only minor differences. Maps shown in the figure are representative of those in other experiments, and similarity of QRST isoarea maps during supraventricular and ventricular drive was found in all experiments. Figure 7 shows QRS, STT, and QRST isoarea maps obtained when a warmed area induced with a 400-mm 2 aperture and a central temperature of 39.2°C was present. The maps are from the same experiment illustrated in the previous figure. Maps on the left were obtained during supraventricular drive and those on the right during ventricular drive. The QRST isoarea maps during the two activation orders are again similar and illustrate that changes in these maps due to localized areas of altered recovery properties were largely independent of ventricular activation sequence. Since warming the ventricle has its major affect on repolarization and has little affect on depolarization, STT area difference maps would be as useful as QRST area difference maps for estimating the size of the warmed areas. The QRST area difference maps were shown instead to emphasize the indei endence of these maps from ventricular activation sequence, since conduction disorders are frequently associated with actual myocardial infarction. recovery properties produced by four aperture sizes and having the same central temperature. The different cardiac surface area affected is clearly evident. It is also evident that the number of isoarea contours is approximately the same with all four conditions and that the gradient of change of QRST area increases with decreasing aperture size. Figure 10 shows families of curves obtained from one experiment. The change in QRST area that occurred in the electrogram with the maximum change is plotted against myocardial temperature with aperture size as the family parameter. In most experiments, maximum QRST area change occurred in the electrogram recorded from the electrode site nearest the center of the warmed area. The curves show a near-linear relation of maximum QRST area change with temperature. Since the curves for each size of warmed area are nearly colinear, they demonstrate the independence of the maximum QRST area change from size of affected area, suggesting this parameter may be a useful index of severity of effect.
The curves shown in Figure 11 show data from all experiments. The rms value of the difference between control QRST isoarea maps and maps obtained in the presence of lesions of various sizes are plotted against lesion temperature. The curves indicate that for a fixed temperature, increased aperture size increased the rms change in QRST area, and for a fixed aperture size, increased temperature also increased the rms change in QRST area. The dependence of this parameter on both size and severity of changes in the warmed areas suggests that its use as an index of size should be combined with an index of lesion severity such as the QRST area change in the electrogram with the greatest change.
Discussion
The close relation between changes in cardiac surface electrograms and localized alterations of repolarization suggests the possibility of a clinically useful electrocardiographic estimate of localized lesion size and severity. Our findings also help define the requirements for such an estimate and the appropriate electrocardiographic indices.
One requirement is that relations, such as those observed in this study with cardiac surface electrograms, be established for body surface electrocardiograms. A general solution to the problem of relating cardiac and body surface potentials may not be necessary for this purpose, but relations between electrocardiograms and localized myocardial lesions must be at least empirically established. These relations should be determined with adequate sampling of the body surface electrocardiogram to achieve a method applicable to lesions in varied cardiac locations. Available evidence suggests that approximately 20-30 electrodes at selected body surface sites may be suitable for this purpose. A useful electrocardiographic method of evaluating ischemic lesion size and severity also must take account of the complex electrophysiological nature of the lesions. Abnormalities may include reduced resting membrane potential, loss of excitable myocardium, altered activation sequence in both normal and ischemic tissue, and altered recov- 18 In addition, unlike ischemia, warming decreases conduction time and latency. 15 ' 16 Our study suggests that electrocardiographic deflection areas are useful for estimating the size of areas of altered recovery properties with relatively simple geometries and electrophysiological effects. Ability to estimate the size of such areas is prerequisite to understanding the ECG estimates of ischemic lesions with complex geometries and multiple electrophysiological abnormalities which are inhomogeneously distributed. In this study, changes of the STT deflection area were related closely to the size and severity of changes in recovery properties in localized areas. In these studies, the QRS complexes were not changed substantially by wanning. Therefore, the total QRST area had a relation to size and severity of the affected area similar to that of the STT area. A close relation of QRST area to size and severity of the affected area also was present, however, when the ventricular activation sequence was abnormal as a result of ventricular pacing. This finding is compatible with previous evidence that the QRST area is largely independent of ventricular activation sequence. 24 " 26 In relation to ischemic lesions, the finding suggests that QRST area may be an index of size and severity having the desirable characteristic of excluding abnormalities of ventricular activation sequence. Those abnormalities may occur in normal as well as ischemic myocardium and should not be included in the estimate of size and severity. The QRST area also has the characteristic of reflecting both abnormalities of the QRS complex due to myocardial destruction and STT deflection abnormalities due to altered repolarization. Both of these features of ischemic lesions should be detected for determination of lesion size and severity. The QRST area is largely independent of activation sequence which is not related directly to lesion size or severity, but is dependent on myocardial destruction and altered repolarization which do define lesion size and severity. The QRST area is, therefore, a promising parameter for the evaluation of ischemic lesions. It should be noted, however, that it is at least theoretically possible for electrocardiographic expressions of myocardial destruction and abnormal repolarization to have cancelling effects on the QRST area. The optimal electrocardiographic indices for evaluation of ischemic lesion size and severity are not yet certain and must be identified by studies of actual ischemic lesions. Areas of the QRS and STT deflections, as well as the total QRST area and other indices such as instantaneous potential patterns, should be investigated for this purpose. Findings in this study do suggest a special role for the QRST area in the evaluation of ischemic lesions. As a specific example, changes of the QRS and STT deflections without alteration of the QRST area occurring during the course of acute myocardial infarction seem likely to reflect alterations of ventricular activation sequence which are not directly related to lesion size or severity. Another desirable feature for electrocardiographic evaluation of ischemic lesions would be the differentiation of size from the severity of electrophysiological alterations. In this study, the size of thermal lesions was clearly related to the cardiac surface area at which STT deflection changes occurred in electrograms. Severity of the thermal lesions was reflected by the magnitude of change of STT deflection areas at individual sites. These findings suggest the possibility of differentiating size and severity of ischemic lesions, but additional studies with actual ischemia and body surface electrocardiograms will be required to evaluate this possibility.
Although difficult problems remain, this study contributes to the development of electrocardiographic means of evaluating ischemic myocardial lesion size and severity. Thermal alterations of repolarization were used in the study to permit independent control of the size and severity of the effect in the warmed area, and because both size and severity could be controlled with more precision than is possible with ischemic lesions. An additional reason for the use of thermal alterations of recovery properties was the well known difficulty of establishing the size of ischemic lesions by independent methods. With the thermal alterations of recovery properties, a close relation of size and severity to changes in cardiac surface electrograms was demonstrated. Without such relations for the relatively simple changes induced, useful relations for more complex ischemic lesions would be unlikely. Further, without close relations of lesion size and severity to findings on the cardiac surface, it is highly unlikely that these features of localized lesions could be evaluated from the body surface. Since size and severity of areas of altered recovery induced by warming and changes in cardiac surface electrograms were closely related, continued efforts to develop an improved electrocardiographic evaluation of ischemic lesions seem justified. The study also demonstrated that size and severity of the effects of warming could be differentiated with cardiac surface electrograms, suggesting that this possibility should be examined for ischemic lesions and with body surface electrocardiograms. Finally, the study suggests the probable utility of electrocardiographic deflection areas for the evaluation of localized myocardial lesion size and severity.
